Background: Conventional nutritional supplements are not or only partly successful in inducing protein accretion in advanced cancer, suggesting an attenuated anabolic response. To prevent muscle wasting and its deleterious consequences, generating an anabolic response is crucial. Dietary essential amino acids (EAA) have anabolic properties in other wasting diseases; however, data in advanced cancer are lacking.
introduction Nonsmall-cell lung cancer (NSCLC) is characterized by poor survival and involuntary weight loss is a significant prognostic factor for this disease [1, 2] . Skeletal muscle wasting is commonly present in NSCLC despite a normal of high body weight [3, 4] , and negatively affects the response and tolerance to therapy and survival [5] . Lung cancer patients often experience a cluster of symptoms (i.e. appetite loss, altered taste, and nausea), which remain over the course of their disease and is an independent predictor of the patient's death [2] . The patient's ability to ingest main classes of protein-containing foods such as meats is compromised, justifying an approach using concentrated high-quality protein sources to supplement the diet.
Muscle wasting in cancer is related to alterations in skeletal muscle protein metabolism in a state of elevated systemic inflammation [6] . Conventional nutritional supplementations are ineffective in stimulating muscle protein synthesis in advanced cancer [7] , and a lower anabolic potential was suggested in those with <3 months life expectancy and muscle loss [8] . A recent euglycemic, hyperinsulinemic clamp study in NSCLC [4] revealed a blunted protein anabolic response to low levels of amino acids but a normal response to hyperaminoacidemia. This suggests that substantial protein intake is required to induce protein anabolism in cancer which might be difficult when appetite loss is present. Recently we showed that a high protein formula containing high essential amino acid (EAA) and leucine levels was able to stimulate muscle protein synthesis in advanced cancer [7] . This suggests that the suppressed anabolic responsiveness to a conventional nutritional supplement in advanced cancer can be (at least partly) overcome by providing specially formulated nutrition.
Mixtures containing single (free) EAA are capable of stimulating muscle protein synthesis in older healthy adults [9] without suppressing appetite, while supplementing extra leucine further increases muscle protein synthesis [10] . We recently showed that a leucine-enriched EAA mixture was highly anabolic in patients with cystic fibrosis with severe nutritional failure [11] .
The aim of the present study was to examine whether an EAA mixture induces protein anabolism in cancer patients to the same degree as in healthy control subjects and is independent of the presence of muscle or recent weight loss, systemic inflammation or length of survival. Furthermore, a comparison of the anabolic properties of the EAA mixture versus a balanced mixture of both EAA and non-EAA mixtures as present in whey proteins was carried out, as these milk proteins are often used in commercially available supplements in cancer care. Stable isotope methodology was used as a promising tool that can measure personalized anabolic potential of cancer patients in the course of their disease and can guide preventive measures. Our results could initiate novel nutritional approaches to prevent or minimize muscle wasting, thereby, improving clinical and overall outcome of advanced cancer patients.
methods study population
The study population consisted of 13 subjects with advanced NSCLC and 11 healthy age-matched subjects (supplementary Figure S7 , available at Annals of Oncology online). The subjects with NSCLC were clinically diagnosed as stage III (unresectable) or stage IV cancer at the University of Arkansas for Medical Sciences (UAMS) or the Central Arkansas Veterans Healthcare System (Table 1) . Exclusion criteria were anticancer therapy (e.g. radiotherapy, chemotherapy) and surgery <4 weeks before the study, and presence of cardiovascular or unstable metabolic diseases. All healthy subjects were recruited via flyers in the local community. The study was approved by the Institutional Review Board, UAMS.
study protocol
All subjects were studied at the UAMS Clinical Center of the Translational Research Institute on two different study days. Body weight, height, fat, and fat-free mass (FFM) were measured by dual-energy X-ray absorptiometry and standardized for height [12] . Respiratory muscle function, handgrip strength, and endurance were assessed as described previously [13] , and habitual dietary intake by 24-h recall. Disease and treatment history were obtained from the medical chart until 3.5 years after enrollment.
Each study day started in the early morning after an overnight fast (supplementary Figure S5 , available at Annals of Oncology online). Body weight, height, and vital signs were measured and two peripheral lines were placed. One catheter was placed in an antecubital vein for stable isotope infusion, and the other in a superficial dorsal vein of the hand or lower arm of the contralateral arm for blood sampling. The hand was placed in a thermostatically controlled hot box to mimic direct arterial sampling [14] .
A primed, constant, and continuous infusion protocol was carried out [11] with the stable isotopes of phenylalanine and tyrosine (supplementary Table 1 . Time study day until death in the cancer group ranged from <6 months (n = 4), between 6 and 12 months (n = 2), and >12 months (n = 7). Median survival was 26 months between study date and date of death. Average time period between cancer diagnosis and study enrollment was 12 months, and between last treatment and study enrollment was 5 months (data not shown).
Volume Table S2 , available at Annals of Oncology online). After 3 h of infusion, each subject ingested within 5 min a 250-ml non-caloric soft-drink containing L-15 N-phenylalanine isotope and one of two amino acid mixtures (supplementary Table S1 , available at Annals of Oncology online: 14 g of leucine-enriched (40%) EAA (EAA/leucine) mixture versus 14 g of balanced [(essential and nonessential) amino acid mixture], according to a randomized and doubleblind cross-over design. Carbohydrates are a large component of daily food intake; therefore, maltodextrin (30 g) was added to the mixture. Combined intake of amino acid and carbohydrates increases the insulin response that is required for maximal protein anabolism [11] . Blood was processed and analyzed batch-wise by LC-MS/MS and routine techniques [11] .
protein metabolism and amino acid kinetics
We calculated protein kinetic measures (whole-body protein synthesis, breakdown, and net protein anabolism (=protein synthesis -breakdown)) from the isotope enrichments [11, 12] in the postabsorptive and postprandial state [12] .
Amino acid efficiency, reflecting the extent to which EAA from the mixtures are used for net protein anabolism, was calculated as a ratio of net protein anabolism to dietary intake of phenylalanine (as analog for dietary EAA) [12] . Plasma amino acid concentrations were also analyzed to get information about the availability of the dietary EAA and non-EAAs in the circulation for protein anabolism.
statistical analysis
Results are mean ± standard error (SE). If data failed the normality or equal variance test, data were log-transformed. Unpaired Student's t-test was used to determine differences in general characteristics and plasma metabolites between the NSCLC and control groups. Protein metabolism in the postabsorptive state was measured as the median value of the measures at time points 150, 165, and 180 min and in the prandial state as the 3 h integral (nmol/kg FFM/3 h) and per hour (nmol/kg FFM/h) to enable postabsorptive/ postprandial comparisons. Two-way repeated-measures analysis of variance Figure S6 , available at Annals of Oncology online) from diagnosis was 48 months. No differences were found between the groups in age, body mass index, fat mass, FFM, and muscle function( Table 2 ), but reduced values for leg FFM (P < 0.05) and a tendency for reduced handgrip endurance (P = 0.07) in NSCLC. Weight loss >5% in the past 3-6 months (average 8.4% in past 5 months) was observed in 38% of the NSCLC patients, although a comparable daily energy and macronutrient intake was found in both groups (Table 2) .
metabolism
Higher plasma CRP (Table 2 ), but comparable insulin and glucose values were found in NSCLC. Postabsorptive protein synthesis and breakdown (supplementary Table S3 , available at Annals of Oncology online) were comparable, but net protein anabolism was less negative in NSCLC (P < 0.05). Higher values were present for protein synthesis and net protein anabolism (Table 3 , supplementary Figure S8 , available at Annals of Oncology online) after intake of the EAA/leucine mixture (P < 0.001), and higher postprandial protein breakdown in NSCLC (P < 0.05). Postprandial protein synthesis and breakdown and net protein anabolism remained elevated at 3 h after intake (P < 0.05) (supplementary Figure S7 , available at Annals of Oncology online), but amino acid efficiency was not different between groups or mixtures (Table 3) . In both groups, a highly significant relationship was present between net protein anabolism and dietary EAA intake ( Figure 1A ) and EAA appearance in systemic circulation ( Figure 1B ). This relationship in the NSCLC group remained after stratification for recent weight loss (weight stable versus weight losing) or survival (<6 versus >12 months, data not shown). Stratification into survival <6 versus >12 months ( Figure 1C) showed higher values for net protein anabolism after intake of the EAA/leucine mixture (P < 0.001). Stratification of the cancer group into muscle loss (FFM Index <25% percentile, n = 4) versus muscle preservation (FFM Index >25% percentile, n = 9) showed comparable data for net protein anabolism (data not shown).
Changes in postprandial plasma amino acid kinetics provide important information on the availability of dietary EAA and non-EAAs for protein anabolism. Lower postabsorptive plasma concentrations were found for sum of all EAA (P < 0.01) and sum all amino acids (P < 0.05) in the NSCLC group, and sum non-EAAs (P = 0.09) tended to be lower (supplementary Table S3 , available at Annals of Oncology online). The postprandial (3 h) increase in sum EAA and decrease in sum non-EAAs was larger after intake of the EAA/leucine mixture (P < 0.001), Table 3 . Table S4 and Figure S9B , available at Annals of Oncology online). After intake of both mixtures, sum EAA immediately increased ( peak value ∼45 min) but normalization toward baseline values was still not present at 3 h after EAA/leucine intake (supplementary Figure S9A , available at Annals of Oncology online). The absolute 3-h change in sum all amino acids was different between the NSCLC and control groups (supplementary Table S4 and Figure S9C , available at Annals of Oncology online).
discussion
In the present study, intake of 14 g of EAA resulted in a high anabolic response in patients with stage III/IV NSCLC. The magnitude of the response was comparable with that found in and those with survival >12 month (dark grey, blue bars online), and the healthy control (light grey, pink bars online) group after intake of EAA/leucine and balanced total amino acid mixtures. Two-factor repeated-measures ANOVA was used to test the AA mixture (AA) and group (G) effect. Net protein anabolism: AA effect: P < 0.001. There is no Group or AA mixture X Group interaction.
the healthy control group indicating a preserved anabolic potential in advanced cancer. The highly significant relationship between the dietary EAA intake and net protein anabolism indicates that the anabolic response to feeding is depending on the amount of EAA in the diet, but independent of the presence of cancer. At enrollment, most cancer patients had stage III NSCLC, diagnosed ∼1 year before study participation, and were studied during a relatively stable period of their disease. The cancer group was characterized by preserved nutritional status and muscle function, in line with previous studies in advanced (lung) cancer [4, 7] . Wasting of skeletal muscle mass despite a normal or high body weight or fat mass was previously observed in NSCLC [3, 4] . Our subjects had a habitual protein intake of 0.9 g/kg day which is above the RDA of 0.8 g/kg for healthy older adults but substantially lower than recommended for cancer patients (1.2-2 g/kg/bw [15] ). Moreover, 39% of the studied NSCLC patients had lost weight involuntarily, in line with the 30%-60% reported previously [16] , despite preserved caloric intake. It remains unclear whether a change in eating habits might have played a role. We found reduced postabsorptive plasma amino acid levels (including EAA) in NSCLC, but no alterations in postabsorptive protein synthesis and breakdown although an unexplained lower net protein breakdown was found in NSCLC. The studied NSCLC patients had an increased systemic inflammatory response which is known to be associated with greater weight loss, poorer performance status, more fatigue, and poorer survival [1, 17] , albeit at higher CRP levels than seen in the present study (38-40 versus 10 mg/l).
Cancer patients might lose their anabolic potential in the 3 month time window before death [8] . This so-called refractory period is characterized by severe muscle wasting, ongoing catabolism, low performance status, and metastatic disease refractory to antineoplastic therapy. Still 65% of the cancer patients were able to maintain or increase their skeletal muscle mass in this period [8] , suggesting exploitable anabolic potential. When evaluating the disease trajectory of the studied NSCLC group, 31% passed away within 6 months after study participation whereas the remaining 69% were still alive after 12 months. The anabolic response remained the same in both groups, suggesting a preserved anabolic potential to the amino acid mixtures in the last 6 months of life. Whether this is also the case for the 3-month refractory period remains unclear. The high anabolic potential of 14 g of free EAA in patients with NSCLC was independent of their body weight, muscle mass, and the presence of recent weight loss. Furthermore, the anabolic response to amino acids was not affected by previous chemotherapy which is remarkable as the prescribed platinumbased chemotherapy is known to be associated with weight loss [18] . Others [6] have suggested that cancer-induced inflammation reduces the sensitivity of skeletal muscle protein synthesis to amino acid supplementation, but our data on whole-body level do not confirm this. Leucine supplementation is used to improve this sensitivity, but our study shows no additional anabolic benefit in line with our previous data in cystic fibrosis and COPD [11, 12] . Our data also revealed that intake of dietary EAA did not reach a plateau in anabolism, suggesting that higher quantities of amino acids might be useful to advanced cancer patients.
Particularly in patients with anorexia, intake of dietary EAA is preferable above a mixture containing both EAA and non-EAAs as less supplement is needed to obtain the same anabolic response. Measuring postprandial plasma kinetics of amino acids provides important information on the availability of the dietary amino acids for systemic protein build up (anabolism). The plasma amino acids kinetics are dependent on the extraction of these amino acids by the splanchnic area and in this way might affect the anabolic response. No difference was observed in splanchnic extraction between the cancer and the healthy subjects. Plasma EAA levels and net protein anabolism remained elevated above baseline values 3 h after EAA intake, indicating a sustained anabolic effect.
Limitation of the study is the small sample size, although sufficient to answer our research aim. A potential selection bias toward the more fit and motivated patients cannot be excluded as patients were enrolled who were physically able to spend 2 study days at our research unit. Furthermore, all studied patients appeared to be men (mostly veterans), and a large proportion had stage IIIA NSCLC. Although CRP levels were comparable with those previously reported in advanced NSCLC [4] , inflammation as potential driver of anabolic resistance was 'only' mild to moderate. Still, the patients with CRP >20 mg/l had a comparable anabolic response as those with lower CRP levels, in line with our previous study in cancer patients with average CRP levels of 25 mg/l [7] . Further research is needed to confirm this finding in cancer patients with more progressive disease and high CRP levels, as well as, during anticancer treatment associated with active muscle loss.
To prevent and treat involuntary muscle loss in cancer, it is of crucial importance to use nutritional supplements that are able to generate a very high anabolic response. The present study shows that dietary free EAA are very efficient in inducing anabolism in advanced cancer. The linear and highly significant relationship between anabolism and EAA available from the diet in cancer was independent of disease trajectory (<versus> 6 months before death), mild-to-moderate systemic inflammation, presence of muscle or recent weight loss, and comparable with that observed in the healthy group. Therefore, our data provide a path to a novel nutritional approach to prevent and treat cancer cachexia and improve their outcome.
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